Background. Because hospitals in a region are connected via patient sharing, a norovirus outbreak in one hospital may spread to others.
BACKGROUND
Norovirus is a highly contagious source of viral gastroenteritis and is associated with extensive community and healthcare outbreaks and an estimated 21 million cases of sporadic disease annually in the United States [1, 2] . Its rapid transmissibility and short incubation period make it a serious [3, 4] and costly [3, 4] problem in healthcare settings. In the United States, reports of healthcare-associated outbreaks have been largely limited to the experience of a single reporting hospital [4] [5] [6] [7] [8] . However, our previous work has shown how hospitals are extensively connected to each other by patient sharing [9, 10] , raising the possibility that a norovirus outbreak in one hospital could spread to others. Indeed, the existence of asymptomatic yet infectious individuals and prolonged virus shedding could allow patients contracting the virus to then carry the pathogen to other facilities. The implications of patient sharing across healthcare facilities on outbreak control measures remain unclear [11, 12] . Therefore, to determine whether and how an outbreak can spread to other facilities and the potential implications for norovirus control measures, we utilized our Regional Healthcare Ecosystem Analyst (RHEA) software to perform an agent-based simulation model (ABM) of the acute care hospitals in Orange County (OC), California.
METHODS
We used our previously described RHEA software [13, 14] , and our OC ABM, a detailed virtual representation of all 29 acute care hospitals (including 5 long-term acute care [LTAC] facilities) in OC serving adult patients and the simulated virtual patients (ie, agents) admitted to and discharged from these hospitals and transferring between them (admissions and discharges to and from other hospitals) and the community on each simulated day [13] [14] [15] [16] [17] [18] [19] . This model uses parameters primarily derived from actual extensive data sources of OC, including hospital bed capacity, number of patients admitted to and discharged from each hospital, patient length of stay, and the distribution and locations of interfacility patient transfers. Our knowledge of these transfer distributions and locations included those that occurred directly between facilities as well as those that occurred with an intervening stay at home or elsewhere. Table 1 summarizes the relevant input parameters for our study.
Norovirus Disease States and Transmission
The model simulates 4 possible states for each virtual patient (agent) and the daily probabilities of changing from one state to another. These states are mutually exclusive: Susceptible (S; not infected with norovirus but able to become infected), Exposed (E; exposed and infected but not yet able to transmit to others), Infectious (I; infected and able to transmit to others), Recovered (R; not infected with norovirus and immune to symptomatic disease, but susceptible to asymptomatic infection). A patient in the S state has a probability of moving to the E state, representing the chance that exposure leads to an infected patient who is incubating the virus (ie, not all patients clinically exposed to an infectious individual will move to the E state). Once in the E state, the patient would progress to the I state after the incubation period elapsed. The duration of this incubation period for a given patient results from a draw from the incubation duration distribution, as shown in Table 1 . Likewise, a patient remained in the I state for the infectious period, determined by a draw from the duration distribution shown in Table 1 .
An infectious patient would have a probability of being symptomatic versus asymptomatic (likeliest: 33.7% [20, 21] ). Viral shedding or the duration of infectiousness (ie, how long an infected person can transmit the virus to others) was assumed to be the same for both symptomatic and asymptomatic patients [11] . However, symptomatic patients were not discharged until their symptoms resolved, whereas asymptomatic patients could be discharged or transferred to another hospital (due to unrelated reasons and occurs at the actual rate for known OC data), thus allowing for potential transmission of norovirus once he/she leaves the hospital. Once the duration of infectiousness elapsed, patients moved to the R state, where they remained immune from disease (ie, symptomatic norovirus) for the duration of immunity (Table 1) . Although the duration of natural immunity to norovirus has been reported to be between 6 months and 2 years, these estimates come from highly unnatural challenge studies [22, 23] , and a recent modeling study found immunity to norovirus gastroenteritis (ie, symptomatic norovirus, not asymptomatic infection) to be 4.1 to 8.7 years [24] . In addition, we assumed that the R state was protective of disease but not infection [24, 25] ; therefore, patients in the R state could become asymptomatically infected, transitioning between states as described above, and transmit to others.
Norovirus transmission occurred within each hospital general ward and intensive care unit (ICU) where patients mixed homogenously within their respective wards. Regarding patient transfers between wards, only the transfer of ICU patients to general wards was modeled, and no other interaction occurred between wards. The Reed-Frost formula [26] determined a susceptible individual's infection risk as
where p is the probability of an effective contact between 2 specific individuals each day (t) and is assumed to be the same as β for a single day time step and I is the number of infectious individuals within each ward. The parameter β is a ward's transmission coefficient, calculated from the reproductive number (R 0 ; the number of secondary cases generated by an infected individual in a completely susceptible population), the infectious period duration, and the ward size using the following formula: Evidence has shown that asymptomatically infected individuals contribute to transmission at a lower rate than those with symptomatic infection [27] . We therefore assumed that asymptomatic patients were half (50%) as infectious as symptomatic patients.
Experiments
Although highly unlikely, the initial set of experiments simulated an unmitigated (ie, no intervention) norovirus outbreak in a single hospital, with different scenarios choosing the largest (Hospital A), median-sized (Hospital B), and smallest non-LTAC hospital (Hospital C) based on annual admissions. In the next set of experiments, we implemented contact isolation control measures (ie, mitigated) to attempt to control these outbreaks. These control measures consisted of placing symptomatic patients under contact isolation precautions (ie, the use of gloves and gowns) from the first day of symptoms until 2 simulated days after symptom resolution per the Centers for Disease and Control and Prevention guidance [11, 28] . The effectiveness of the intervention on transmission is equal to the efficacy of contact precautions multiplied by staff compliance with contact precautions. For mitigated outbreaks, an individual's infection risk at time t was computed from
where p was again assumed to be β, p CP is β*(1-contact precaution effectiveness), CP indicates those on contact precautions, and NCP indicates those not on contact precautions. The total number of infectious (I t ) is the sum of I CP and I NCP .
Each simulation experiment (day 0) began with all patients being susceptible, except for the introduction of a single infected patient in a random ward in the target hospital experiencing the outbreak. An additional scenario began with 27% of patients immune [25] from infection and starting in the R state. For each scenario, we conducted a total of 100 000 simulation runs. Sensitivity analysis explored the impact of the R 0 distribution, low R 0 was a constant value of 1.64, and high R 0 was a triangular distribution with likeliest value 3.74 (Table 1) [27, 29] . We also varied the effectiveness (combination of compliance and efficacy) of contact precautions from 50% to 60%. To evaluate the role of asymptomatic transmission, we utilized the same transmission rate for asymptomatic and symptomatic patients. Each experimental run continued for 5 simulated years.
RESULTS

Unmitigated Outbreak
When R 0 was low (ie, 1.64) and 100% of the population was susceptible, the outbreak tended to remain within the originating hospital: the probability of spreading was only 1%-1.2%, 1.6%-4.2%, and 2.1%-6.1% for outbreaks in Hospital A, B, and C, respectively, within 14 and 30 days. Countywide, no norovirus cases remained after outbreaks in any of the hospitals after 5.5 months (168 days).
High R 0 (ie, likeliest value 3.74) outbreaks spread throughout the county 0.8%-3.7% of the time within 14 days and 4.1%-17.5% of the time within 30 days (100% of population susceptible). Although the likelihood of spreading to other hospitals may not be high, it spread diffusely, leaving only a few hospitals norovirus free. Within 14 days, 22-24 other OC hospitals had norovirus. Table 2 shows how the number of cases change with time (in months) after the initial outbreak.
Assuming that the population was 100% susceptible at the start of the simulation, an outbreak in the largest hospital (Hospital A) spread to other hospitals in 0.8% of the simulation runs with the high R 0 . This 0.8% probability of spread was within 14 days (duration of viral shedding) and affected 22 hospitals. Within 30 days, the probability of the initial outbreak spreading was 4.1% and 27 other OC hospitals were affected. The downstream effects of this spread and the propagation of the outbreak due to secondary transmission were substantial. Table 2 shows the countywide effects of the unmitigated outbreak with a high R 0 several months after the initial outbreak. When 27% of the population started the simulation with natural immunity, the magnitude of the outbreak was smaller, but it still had a regional impact. Within 14 days the outbreak spread 0.7% of the time, reaching 22 other hospitals, and within 30 days it spread 3.8% of the time, reaching 27 other hospitals. After 1 month, there were a total of 15.6 cases countywide per initial outbreak, 41.6 cases within 3 months, 66.6 within 6 months, and 105.3 within 1 year. Setting asymptomatic transmission equal to that of symptomatic patients (i.e., equally infectious) increased the probability and speed of norovirus spread to other hospitals. The initial outbreak spread within 14 days in 0.9% of simulations and within 30 days in 7.0% of simulations (compared to 0.8% and 4.1%, respectively).
For an unmitigated outbreak in Hospital B (100% of population susceptible), the probability of spread was 2.7% within 14 days and 11.3% within 30 days, spreading to 23 and 27 other hospitals, respectively. Again, Table 2 shows how the average total number of cases countywide per outbreak changes over time. Norovirus was more likely to spread when patients were equally infectious, increasing the probability of spread to 3.8% within 14 days and 7.0% within 30 days.
An outbreak in the smallest hospital spread to other hospitals within 14 days 3.7% of the time, reaching 24 other hospitals (100% of population susceptible). Within 30 days the initial outbreak spread 17.5% of the time, reaching all 28 other OC hospitals. An outbreak in the smallest hospital had a larger impact (generated more cases) than the outbreaks in either Hospital A or B (Table 2 ). Although this is the smallest non-LTAC hospital in OC, it directly transfers a greater proportion of its admissions (3.4%) than the other target hospitals (0.3% and 1.4%), thereby increasing the likelihood of transferring an exposed patient and spreading norovirus beyond the originating hospital. When asymptomatic and symptomatic patients were equally infectious, the initial outbreak was more likely to spread (5.4% and 30.2% of the time within 14 and 30 days, respectively). Figures 1 and 2 show the impact of R 0 on the spread of norovirus outbreaks throughout the region (100% susceptible, asymptomatic half as infectious). Figure 1 depicts the likelihood of spread to other hospitals and the number of hospitals affected. The left axis shows the probability that an outbreak will spread from the initial hospital, and the right axis shows the number of other OC hospital with norovirus cases after it spread, for different values of R 0 . As expected, increasing R 0 increased the likelihood of spread beyond the originating hospital, but the increase was more dramatic within 30 days than within 14 days (Figure 1 ). The likelihood of spread also increased between day 14 and 30, because more norovirus cases in the originating hospital have the potential to be transferred to another hospital. Although all 3 outbreaks tended to affect most of OC's hospitals, outbreaks in Hospital C (Figure 1c ) tended to spread more often, having a 26.6% probability of spreading given an R 0 of 5, affecting all 28 other OC hospitals. Figure 2 shows the magnitude of spread, depicting the average total number of norovirus cases countywide within 1, 3, and 6 months when an outbreak occurs. As can be seen, the amount of subsequent transmission was substantial, leading to 409 (Hospital A) to 1097 (Hospital C) cases countywide within 6 months of an outbreak with an R 0 of 5. This rate more than doubled (2686-9106) within 1 year. Even lower R 0 values generated a large number of cases; our high R 0 value estimate (3.74) generated 71.2-162 total countywide within 6 months of the initial outbreak (Figure 2) .
Use of Contact Precautions
The use of contact precautions for all symptomatic cases limited the spread of norovirus to other OC hospitals (assuming 100% of population susceptible and asymptomatic patients are half as infectious as symptomatic patients). Although the norovirus outbreaks still spread to other hospitals, the probability of spread was reduced. In Hospital A, 0.5% of simulations spread within 14 days, regardless of contact precaution effectiveness; within 30 days, 2.6% (50% effectiveness) and 2.4% (60% effectiveness) of simulations spread. This is a 1.6-to 2-fold reduction in spread to other hospitals. However, once norovirus got out of the originating hospital, it still spread to most of the other OC hospitals. Both Hospital B and C saw a 1.2-fold decrease in spread within 14 days and a 1.4-fold decrease within 30 days when contact precautions were in place, with an effectiveness of 50% or 60%. Table 2 shows how the average total number of cases countywide ( per outbreak) decreased for the different levels of contact precaution effectiveness. The largest benefits of contact precautions were on reducing the overall transmission (eg, primary and secondary transmission) and limiting the further accumulation of cases. For some outbreaks, the number of cases levels off between 3 and 6 months, with contact precaution effectiveness of 60% (Table 2) . This result occurs when the initial spread of the outbreak has reached its maximum, but there is still transmission due to secondary cases and a few lingering cases are generated.
DISCUSSION
Our study shows that unmitigated outbreaks of a highly contagious pathogen (ie, high attack rate) with a short incubation period can affect multiple hospitals across a county. Norovirus outbreaks can quickly spread beyond the initial hospital, when they do spread, with other hospitals experiencing ramifications within 14 to 30 days. This activity is especially important given the frequency of norovirus outbreaks, which account for 89% (1419 of 2259) of all person-to-person acute gastroenteritis outbreaks reported with an etiology to the National Outbreak Reporting System in the United States from 2009 to 2010 and causing 59% (32-54) of those outbreaks occurring in hospitals [30] . Surveys of US hospital infection preventionists (in 289 hospitals) reported 386 outbreaks, of which norovirus caused 18% [31] . As a result of this spread, multiple sequential outbreaks in different facilities could actually be just the ongoing manifestation of a single initial outbreak in 1 facility. This means that better identification and control measures at the origin of the outbreak could prevent considerably more cases than originally thought. A prime reason for dissemination beyond the initial location is the previously described extensive patient sharing that occurs among different facilities in a region [9, 10] . This patient sharing includes both direct transfers and patients returning to the community before being subsequently readmitted to another facility. The sharing can cross many miles and involve multiple facilities. The highest volume of sharing does not necessarily occur between hospitals that are geographically closest to each other. Although having an unmitigated norovirus outbreak is highly unlikely, modeling this situation is important because we can learn about the R 0 at which norovirus will spread beyond a single facility and the magnitude and speed at which this can occur. The smallest hospital in OC (Hospital C) had the largest effect (of all the tested scenarios) on other hospitals in the region, because a larger fraction of its admitted patients (3.4%) are directly transferred to other OC hospitals compared to the Hospitals A and B (0.3% and 1.4%, respectively).
We also demonstrate that contact precautions (the most practical means of interrupting transmission [28] ) can be instrumental in mitigating the outbreak when applied rapidly, even at 50% effectiveness. However, even when controlled with the use of contact precautions, norovirus could still spread and breakthrough multihospital outbreaks can still occur. Evidence shows that norovirus prevention and containment methods during outbreaks vary, with an increased use of gloves and gowns applied in only 9.3% of outbreaks [32] . Contact precautions should be put in place rapidly during outbreaks, and efforts should be made to ensure high compliance [11, 28] . In addition, temporary universal preemptive contact precautions [33] in an affected unit may be able to accelerate containment, although we did not model this scenario. Other commonly used Figure 2 . Impact of R 0 on the average total number of norovirus cases countywide after unmitigated outbreaks in Hospitals A, B, and C within 1, 3, and 6 months of the initial outbreak.
concomitant interventions, such as environmental cleaning, have been shown to be essential to containing outbreaks but were not modeled here [32] .
Although asymptomatic infectious patients can elude identification, prevention strategies can still mitigate norovirus outbreaks. Control measures, such as environmental cleaning of an infected ward, hand hygiene, and isolating those who may have contacted known infectious individuals, ensure communication of patients who require contact precautions on transfer, and ward closure may help to reduce spread beyond the initial hospital. In practice, many infection-control measures are used to manage and quell a norovirus outbreak [4, 8, 34] , and patient sharing should be taken into consideration when deciding on which measures to apply. This process can be facilitated by improved communication and better awareness of where patients are from and their infection status, which can help implement appropriate control measures. In addition, hospital personnel should be aware of any ongoing outbreaks in hospitals to which they are highly connected (ie, they share a lot of patients) and the patients they receive from these hospitals.
Our study showed how R 0 determines the likelihood of spread beyond an initial facility, emphasizing the importance of knowing this value better. Although we studied a conservative range for R 0 , the literature reports a wide range for the norovirus R 0 , with 1 study reporting a minimum of 1.20 [35] and another a maximum of 7.26 [36] . This wide variability may be due to either the variability in study method or true variation in the R 0 of norovirus strains [37] . The R 0 depends on a number of different factors, including strain, viral shedding, contact patterns, and virulence of that virus. In addition, R 0 may be different between healthcare settings and the community, where the number and intimacy or proximity of contacts and other environmental exposures may vary. By better characterizing these factors and how they may influence the value of R 0 , we could help to identify more effective control measures.
Our model may be conservative about the spread of norovirus. The duration of viral shedding is highly variable and has been reported to last up to 8 weeks [38] . Our model assumed an infectious duration of 14 days. We assumed contact precautions to have an overall effectiveness of 50% or 60%; however, this rate is highly variable across institutions, because it depends on compliance as well as efficacy. In future studies of norovirus outbreaks, an attempt should be made to better quantify (1) the role of asymptomatic carriers, because they have high potential to spread disease, and (2) the value of R 0 . As our study shows, norovirus' R 0 has an impact on an outbreak's spread among hospitals.
Limitations
Models, by definition, are simplifications of real life, and as such they cannot account for every possible factor [39] . Although a vast majority of patients (87%) in OC stay within the county for hospital care, some do cross county lines. Our study focused on adults and did not include pediatric hospital or patients. Although our model does not directly consider hospital staff, the transmission coefficients incorporated contact among patients as well as contact mediated by healthcare workers, staff, and objects such as surfaces. In addition, our model assumes the duration of viral shedding to be the same in all infected patients regardless of symptoms. Other more stringent interventions (eg, unit closure, restricting patient movements, or admissions) were not undertaken and would have likely further mitigated an outbreak.
CONCLUSIONS
During an unmitigated outbreak, norovirus can readily spread among healthcare facilities in a region due to patient sharing and can percolate throughout the region, appearing as unrelated outbreaks. Even outbreaks in small hospitals had a large impact. Infection control strategies such as contact precautions (even at 50% compliance) can help mitigate the effects, but these strategies alone may not completely stop the spread of norovirus. R 0 and asymptomatic infectiousness (compared to symptomatic patients) determined the likelihood of norovirus spread, emphasizing the importance of knowing these values better. Temporary universal contact precautions or a higher compliance with contact precautions along with enhanced environmental cleaning could be essential to ensuring containment across a variety of hospitals.
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